The scanning droplet-based technique, scanning electrochemical cell microscopy (SECCM), combined with electron backscatter diffraction (EBSD), is demonstrated as a powerful approach for visualizing surface structure effects on the rate of the oxygen reduction reaction (ORR) at polycrystalline platinum electrodes. Elucidating the effect of electrode structure on the ORR is of major interest in connection to 10 electrocatalysis for energy-related applications. The attributes of the approach herein stem from: (i) the ease with which the polycrystalline substrate electrode can be prepared; (ii) the wide range of surface character open to study; (iii) the possibility of mapping reactivity within a particular facet (or grain), in a pseudo-single crystal approach, and acquiring a high volume of data as a consequence; (iv) the ready ability to measure the activity at grain boundaries; and (v) an experimental arrangement (SECCM) that 15 mimics the three-phase boundary in low temperature fuel cells. The kinetics of the ORR was analyzed and a finite element model was developed to explore the effect of the three-phase boundary, in particular to examine pH variations in the droplet and the differential transport rates of the reactants and products. We have found a significant variation of activity across the platinum substrate, inherently linked to the crystallographic orientation, but do not detect any enhanced activity at grain boundaries. Grains with 20 (111) and (100) contributions exhibit considerably higher activity than those with (110) and (100) contributions. These results, which can be explained by reference to previous single crystal measurements, enhance our understanding of ORR structure-activity relationships on complex high-index platinum surfaces, and further demonstrate the power of high resolution flux imaging techniques to visualize and understand complex electrocatalyst materials. 
Introduction
The oxygen reduction reaction (ORR) is a key reaction in low 30 temperature fuel cells [1] [2] [3] and lithium-air batteries, 4, 5 and is arguably a major limiting factor, at least from a scientific point of view, to the widespread adoption of these technologies. However, even on the best catalysts (Pt and Pt-based materials), the ORR suffers from sluggish kinetics and requires a high overpotential. 35 The mechanism and kinetics of the ORR on Pt have been studied [6] [7] [8] to understand the cause of the sub-optimal performance and to identify strategies to optimize the catalytic properties of Pt surfaces. [9] [10] [11] A common strategy is to identify the most efficient surface structure for the ORR and then try to expose these micro- 40 or nano-structures in the catalysts. 10 To do this, knowledge of the structure-dependence of the ORR activity is required. Previous research on a variety of Pt-based materials, spanning bulk polycrystalline electrodes, 12, 13 single-crystal electrodes 14, 15 and nanoparticles, 2, 16 has shown that the ORR kinetics and 45 mechanism are strongly affected by the nature and the structure of electrodes. Importantly, research on atomically well-defined single-crystal electrodes has revealed a strong crystallographic orientation dependence of the ORR activity. 9, 14, 17, 18 The catalytic activity of the ORR on the three basal planes of Pt 50 has been investigated widely in different electrolytes. [19] [20] [21] [22] [23] In sulfuric acid, the reactivity of the Pt basal planes decreases in the order (110) > (100) > (111), 20 following the relative adsorption strength of the sulfate anion. These studies have been augmented by research on stepped Pt surfaces in the [ zones, showing that these have higher activity than the basal planes. Recently, this has been rationalized by using the OH binding energy as a descriptor for activity, yielding a volcanorelationship. 24 Similar relative reactivity patterns have been found in non-specific adsorbing perchlorate electrolyte, although the 60 variation in activities is much smaller. 17, 18 While single-crystal electrodes provide valuable information on systematic trends, the availability of surfaces can be limited, with high-index surfaces particularly challenging to prepare and maintain. Furthermore, the activity of grain boundaries, which are present in real catalysts and on polycrystalline electrodes, cannot 5 be studied on single-crystal surfaces, even though these features have been suggested to play a large role in real catalysts. 25 , 26 For example, we have shown recently that the Fe 2+/3+ redox process on polycrystalline platinum electrodes in sulfuric acid is dominated by grain boundaries. 27 To evaluate whether similar 10 effects operate for the ORR, localized electrochemical measurements are needed, as reported herein. In contrast to the extensive studies on Pt basal surfaces, and, to some extent, stepped surfaces, less is known about the ORR on high-index surfaces. However, real surfaces, as presented in bulk 15 electrodes and nanoparticles, are usually heterogeneous in the crystallographic structure and combine different facets and surface features, such as atomic steps and kinks. 28 Moreover, some high-index surfaces, which have high densities of steps and kinks, 28 are reported to exhibit higher electrocatalytic activity 20 than basal planes. 29, 30 Therefore, more research on high-index Pt surfaces is essential to gain a better understanding of the structure sensitivity of ORR.
The studies in this paper draw on our recently reported pseudosingle-crystal approach, in which scanning electrochemical cell 25 microscopy (SECCM) 27, [31] [32] [33] [34] [35] [36] [37] [38] is used to probe local electrochemical activity that is correlated with the local surface structure provided by electron backscatter diffraction (EBSD). 39 This approach has several key attributes. First, minimal sample preparation is required. Second, grains of high-index orientation, 30 which are not easily prepared as single-crystal electrodes, can be studied, and activity can be mapped within a grain, in a pseudosingle crystal approach. Third, enhanced activity at grain boundaries can be detected directly based on the scanning mode of SECCM. 27 Finally, for the ORR, SECCM provides a relevant 35 configuration with a three-phase boundary between the solid electrode, liquid electrolyte and gaseous oxygen (air), which mimics the geometry present at the cathode of low temperature fuel cells. This configuration leads to greatly enhanced mass transport of oxygen to the electrode surface, as oxygen is not only 40 provided through the electrolyte solution but also across the liquid-air interface to the electrode surface, while (solutionphase) reaction products can only be transported away from the electrode surface through the electrolyte solution at a slower rate. The impact of this differential mass transport between reactants 45 and products on the ORR kinetics has only rarely been investigated, 40 but is open to study with the approach herein. Preparation of QRCEs. The palladium-hydrogen (Pd-H 2 , E 0 = +50 mV vs. reversible hydrogen electrode (RHE)) 41 QRCEs were prepared by applying a -3.0 V bias between the palladium electrode and a Pt wire counter electrode in a two electrode setup 60 in 0.05 M sulfuric acid, driving the hydrogen evolution reaction on the palladium electrode. The bias was held until a stable current was attained and bubbles were visible on the palladium wire, indicating that the palladium wire was saturated with H 2 . Preparation of the Pt substrate electrode. Before performing 65 SECCM experiments, the Pt foil was cleaned by flame annealing, followed by repeated voltammetric cycling in 0.05 M H 2 SO 4 solution (between 0.0 V and 1.5 V vs. RHE, finishing at 0.0 V with a scan rate of 100 mV s -1 ) to ensure a clean surface, as witnessed by a stable voltammogram with well-defined hydrogen 70 underpotential deposition (H UPD ) features. 42 The Pt foil was then immediately transferred to the SECCM instrument and covered by a droplet of dilute sulfuric acid (ca. 25 µL on a 0.4 cm  0.5 cm platinum foil) to minimize surface contamination. The droplet was removed just before performing SECCM measurements.
Materials and Methods
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Pipette fabrication and meniscus size measurement. SECCM pipettes were pulled from borosilicate theta capillaries (TG 150-10, Harvard Part No. 30-0114) using a Sutter P-2000 laser puller (Sutter Instruments, USA). The outer walls of the pipettes were silanized with dichlorodimethylsilane (99+ % purity, Acros) to 80 increase the hydrophobicity. The size and geometry of the pipettes at the end was measured on a Zeiss SUPRA 55 variablepressure field emission-scanning electron microscope (FE-SEM). The taper angles of the pipettes were measured by FE-SEM, and ranged from 6.5  ~ 8.5 . The contact area of the meniscus was determined by filling a pipette, of the same size as used for imaging, with 50 mM KCl solution and bringing it into contact with the platinum surface. The pipette was allowed to stay there for several minutes and then retracted, leaving a droplet of solution that upon drying 90 produced a residue of KCl crystals. The meniscus footprint was then measured by FE-SEM. SECCM setup. The SECCM setup has been reported in detail in our recent papers. 27, [31] [32] [33] [34] [35] [36] A schematic of the SECCM setup is shown in Figure 1A . In short, the electrolyte meniscus at the end 95 of a tapered dual-barrel pipette was used as a mobile electrochemical cell. After filling with electrolyte solution (0.05 M H 2 SO 4 ), Pd-H 2 QRCEs were inserted into each channel of the theta pipette. A potential bias (V 2 ) was applied between the two QCREs to induce an ion conductance current (i dc ) across the 100 meniscus, which aided tip positioning and imaging. The pipette was mounted on a z-piezoelectric positioner to which a periodic oscillation (normal to the substrate) was applied (60 nm peak amplitude at 233 Hz). This oscillation produced an alternating current component (i ac ) in the conductance current through the 105 meniscus, when the meniscus was in contact with the substrate, providing a highly sensitive feedback signal that was used to maintain a stable contact between the droplet and the substrate.
31, 34 The magnitude of the i ac set point for the studies in this paper was in the range of 1.6  ~2.0  of the i dc value. amplifier. By moving the meniscus across the substrate, electrochemical activity images for the substrate at different applied potentials (adjustment of V 1 ) can be obtained. To a good 15 approximation the substrate potential is -(V 1 + V 2 / 2). 31, 34 All potentials herein are reported for the substrate electrode relative to the reversible hydrogen electrode (RHE).
The entire setup was placed in a Faraday cage to minimize electronic noise. To perform the measurement without oxygen 20 present, the substrate and pipette were placed in an environmental chamber where nitrogen gas (passed through a glass vessel containing water) was flowed through continuously to remove the dissolved oxygen in the meniscus, as reported before. 43 The meniscus height during SECCM imaging can be estimated 25 by combining the i dc and i ac value and using Finite Element Method (FEM) modelling. 36, 38 For the pipettes used herein for SECCM scanning, the estimated meniscus height was 150 nm. EBSD experiments. EBSD images of Pt substrates were recorded on a Zeiss SUPRA 55 variable-pressure FE-SEM 30 equipped with an EDAX TSL EBSD system. The measurements were carried out at 20 kV on a sample tilted at 70 . Data were acquired every 1.5 µm across the substrate and analyzed with commercial orientation imaging microscopy (OIM) software. The data were represented with color coded orientation maps. 35 Figure 1A shows a schematic of the setup for SECCM, illustrating the meniscus at the end of the pipette which results in a three phase boundary configuration, so that there is diffusion of oxygen down the two barrels of the pipette as well as from the 40 edge of the droplet across the air-aqueous interface. Figure 1B shows a representative FE-SEM image of the pipette used in SECCM measurement. All the pipettes used herein were pulled from double-barrelled (theta) capillaries, creating openings at the end of the pipettes that were about 700-800 nm diameter. 45 Typical cyclic voltammograms (CVs) recorded in the SECCM setup using a pipette filled with 0.05 M H 2 SO 4 at a polycrystalline platinum foil electrode are shown in Figure 1C . In the main figure, the black line is an SECCM CV recorded under nitrogen flow in an environmental chamber between 0.05 V (starting and 50 end potential) and 1.75 V (reverse potential) at a scan speed of 50 mV s -1 . The red line refers to the ORR CV recorded at the same starting potential but slightly higher reverse potential (1.8 V) at the same scan speed in air. In the ORR CV, there is a small hysteresis between the forward and reverse waves because the 55 forward wave starts at a cathodic potential (0.05 V) where the surface is covered in adsorbed hydrogen (and is evolving higher than conventional electrochemical measurement, e.g. using a rotating disk electrode. The high mass transport of SECCM serves to push the ORR diffusion-limited current to more cathodic potentials. Recently, Kucernak and co-workers have reported similar cathodic shifts for the ORR measurement 25 on Pt nanoparticles under high mass transport conditions. 44, 45 For the ORR, the flux of oxygen is provided by diffusion down the barrels of the pipette into the electrolyte meniscus as well as across the air-water interface of the meniscus ( Figure 1A ), which is a rapid process. 46 Consequently, the diffusion-limited current 30 (approximately 40 -45 pA as marked by dashed line in Figure  1C ) is much higher than would be expected if diffusion was only due to O 2 initially in solution (ca. 27 pA based on meniscus height of 150 nm, see ESI, section 2). This is an interesting feature of SECCM, opening up studies of ORR in the presence of 35 a three-phase boundary, and with the possibility of controlling mass transport rates by changing the meniscus height, as we discuss herein. The impact of the meniscus geometry on the ORR current was 45 investigated through experiments in which the meniscus height was varied while measuring the diffusion-limited oxygen current, as illustrated in Figure 1D . Initially, the droplet at the end of the pipette was brought into contact with the surface held at 0.2 V (close to the mass transport-limited potential) at a speed of 1.5 50 µm s -1 (label 1 in Figure 1D ). Once surface meniscus contact was established (label 2), as a jump to contact, there was rapid establishment of the ORR diffusion-limited current. Once this was sensed, the tip translation speed towards the substrate changed automatically to a much slower value as the tip was 55 further lowered (20 nm s -1 , label 3), decreasing the tip-tosubstrate separation, or similarly, squeezing the meniscus height, for a total distance of 250 nm. Clearly, squeezing the meniscus decreases the area of the air/water interface and consequently diminishes the flux of O 2 to the Pt surface as evident in the 60 gradual decrease of the mass transport-limited current. Before the pipette made physical contact with the surface, the motion was reversed, increasing the tip-to-substrate separation (meniscus height) It can be seen that the ORR current during the retraction of the pipette initially closely follows that during squeezing with 65 little hysteresis (label 4). However, detachment (label 6) does not occur at the same z position as attachment (label 2). Rather, the pipette has to be pulled back an additional 300 nm (label 5) before liquid meniscus detachment from the surface. This is reminiscent of AFM force curves in air where there is a strong 70 attractive interaction between the tip and the substrate due to capillary forces. 47, 48 During this pull-off period, there was a small decrease in the limiting current, which might be a consequence of a small decrease in the contact area of the meniscus with the surface. For the present studies, up to about one hour could elapse 5 between preparing the sample (albeit with protection from the electrolyte for part of the time) and finally landing the meniscus for SECCM imaging. Since the ORR could be susceptible to contamination, additional checks were performed that there was no significant change in the surface quality from atmospheric into contact with the as-prepared surface as usual, a meniscus linescan across 40 m at a speed of 0.5 m s -1 was carried out four times over the same area of the surface. For the first (label a) and last pass (label d), the potential was held at the value of interest (0.45 V, well removed from the diffusion-limited 20 potential to ensure that any impact of changes in the surface kinetics would be seen). In the second pass (label b), a potential of 1.25 V was applied which would readily oxidize any surface contaminants. On the third pass (label c), the potential was held at 0.05 V to reduce the surface oxides formed on the second pass. 25 By comparing the ORR current for the first pass (sample as prepared) and the fourth pass (sample as prepared plus in situ electrochemical cleaning), the effect of the two areas at 0.45 V was found to be about 20-30 , which is small compared to the several-fold change in activity that we observe between grains 30 (vide infra). It was found that similar current features were observed without and with additional cleaning. This indicates that the method of surface preparation and SECCM analysis yields a relatively clean surface with minimal impact of surface contamination on electrochemical activity over the duration of the 35 imaging measurements. Importantly, this aspect was further evident from the images reported herein in which there was no obvious deterioration in surface electrochemical current during the course of a scan (vide infra).
Results and Discussion
To investigate the influence of structure on ORR activity, 40 SECCM imaging experiments were performed. For this experiment, the dimensions of the pipette and the footprint of the droplet were measured precisely by FE-SEM. The SEM measurement ( Figure 1B) showed that the pipette used for SECCM imaging had an elliptical end opening, with a major indicates the average current over the entire scanned area at that potential. The relative activity for the four main grains is always in the order I > II > III ≈ IV. Moreover, the current distribution for each grain is rather broad, which can be attributed to the complex structure of the grains, which have contributions from all three basal planes in different proportions, rather than being perfect single crystal surfaces. It is important to point out that variations in activity due to the variations in wetting can be ruled To support the data above, and obtain more detail, higher resolution images were acquired, again with a resolution of 6.5 nm for each pixel in the line, but with a spacing of 1 µm between 20 each line. Images of the electrochemical activity at 0.45 V and 0.25 V are presented in Figures 5A and 5B, while the crystallographic orientations of the grains in this area are shown in Figure 5C . In this case, SECCM images combined with EBSD maps allowed us to identify five regions with different activities 25 and assign these to individual grains (I', II', III', IV' and V'). Here the experiment employed a thicker meniscus, as evidenced by the higher ion conductance current (~ 27.5 nA), which means more influence of oxygen transport through the water/air interface (following from Figure 1D ), and so higher electrochemical 30 substrate currents, especially in the limiting current region.
In Figure 3 and Figure 5 , comparison of SECCM images and EBSD maps shows a strong correlation between variations in electrochemical activity and the grain structure. Specifically, grain I (Figure 3 ) and grain I' (Figure 5) , which have (100) and 35 (111) characteristics, exhibit the highest activity among all the grains. In the map recorded at a low driving potential, 0.65 V ( Figure 3A) , grain I can still clearly be distinguished, even when the currents from the other grains are negligible. In general, among the other grains, which are located close to (but not on) 40 the bottom side of the colour legend triangle there are two categories: those close to the (110) basal plane exhibit higher activities than those close to the (100) plane. Thus, in Figure 3 , grain II is more active than grain III and grain IV, while in Figure   5 , grain II' and grain III' exhibit higher activity than grain IV' and 45 grain V'. Finally, grains close to the (100) orientation exhibit the lowest activity among all the investigated grains and the difference among them is much smaller. In summary, SECCM images combined with EBSD data demonstrate that ORR activity varies strongly with the crystallographic orientations of high-index Pt grains. The relative activity trend holds throughout the entire (wide) potential range 55 investigated. Notably, the current value varies by several-fold for different grains across a small area of the surface (60 µm  60 µm). Based on research on single-crystal basal planes, the adsorption of (bi)sulfate on (111) long range terraces strongly hinders the ORR, while the introduction of mono-atomic steps on 60 the surface, enhances the activity by breaking the long range order and thereby the anion adsorption strength. 10, 49 Our results are consistent with this analysis, showing that facets close to (111) orientation with (100) contributions are the most active.
Although a possible role of grain boundaries for the ORR has 65 been discussed in a few papers on nanocrystalline particles, 26, 50 we do not see any obvious enhanced activities at grain boundaries. SECCM is capable of visualizing such enhancements in activity 27 although the grain boundary activity needs to be much higher than that of the grain in order for it to be detected.
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To further assess the SECCM data and validate the approach in comparison to other techniques, a simple kinetic analysis was performed at 0.55 V, where the current is mostly under kinetic control and where perturbations of the solution composition in the meniscus are also less severe than at more driving potentials.
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Although the ORR current is essentially under kinetic control, we corrected for minor mass transport effects. The relationship between the observed current density (j), the kinetic current density (j k ), and the mass transport-limited current density (j d ) is reasonably given by:
which yields the following for j k,
Current densities were obtained by dividing measured currents by the contact area of the electrolyte meniscus (vide supra). We take j d to be 6.2 mA cm -2 , based on the average current in the major active grain I in Figure 3 (65.4 pA) at a potential of 0.25 V 5 which corresponds to the mass transport-limited potential. At 0.55 V, the average j is 810 µA cm -2 (based on the average current, i = 8.6 pA, across the entire scanned area). By solving equation 2, an average j k of 932 µA cm -2 was obtained. Evidently, the current values depicted in Figures 3B and 4A , approximate 10 well to kinetic values, with minimal mass transport contribution.
The current densities we measure are broadly in line with, although a little lower than, previous studies. 44 In large part, this can be attributed to our three-phase system that results in differential mass transport of the reactant O 2 (which is provided 15 down the barrels of the pipette and across the electrolyte-air interface) versus the flux of solution-phase products (such as H + and H 2 O 2 , which can only diffuse to and from the electrode in barrels of the pipette). To gain some insights into the impact of the three-phase system on mass transport, a finite element method 20 model was developed (see ESI, section 2). With this model, we were able to predict the electrochemical currents (with specific electrode kinetics), and the resulting average proton concentration in the solution near the electrode surface. Notably, Figure 6 shows that the proton concentration near the electrode decreases 25 sharply with increasing electrochemical current (kinetics). The depleted proton concentration decreases the effective applied overpotential at the electrode-electrolyte interface (through a shift in the equilibrium potential), thereby reducing the driving force and the observed current. This mismatch between oxygen and 30 proton transport pathways, resulting in proton depletion at the three-phase boundary can also be a major issue in fuel cells, particularly as proton transport in proton exchange membranes is much slower than in aqueous electrolytes. 51 The SECCM technique described provides an effective way to investigate such 35 an effect. Importantly, we demonstrate that it is possible to obtain approximate kinetic parameters for individual high-index grains in a semi-quantitative manner with a simple kinetic analysis.
Conclusions
SECCM combined with EBSD has allowed us to study 40 electrode structure effects on the ORR at high-index facets of polycrystalline Pt with a three-phase boundary configuration. SECCM has provided information on variations in ORR activity across grains of different orientation at high spatial resolution. Grains having mixed (111) and (100) character exhibit higher 45 activity than those with (100) and (110) features, in line with studies on pure single crystals, confirming the validity of our approach, while highlighting the versatility of the pseudo singlecrystal approach as a means of investigating high-index crystal facets. Generally, the results on polycrystalline Pt highlight the 50 importance of considering microstructural effects in order to understand the activity of practical electrocatalysts. In addition to illustrating the critical importance of grain structure, our results rule out major contributions to electrocatalytic activity from grain boundaries. 55 The approach described herein opens up new avenues for studying structure-activity relationships on complex surfaces. A key strength of the methodology is that it is underpinned by a quantitative treatment of mass transport, 27, 31 in this particular case we were able to elucidate the influence of the three-phase 60 boundary and differential mass transport of oxygen and the products on the kinetics. In the future, we plan to integrate sensor electrodes into the SECCM probe that could be used to detect intermediates of electrode reactions. This could be particularly beneficial for the ORR reaction where the detection of H 2 O 2 and 65 other intermediates would provide deeper insight into microscopic kinetics, marrying the attributes of SECCM and scanning electrochemical microscopy.
